We present a novel LCD brightness film covered with a random pattern of microlenses. The film has increased handling robustness and defect hiding, as well as reduced Moiré effects. We describe methods used to predict and optimize performance characteristics including optical gain and Moiré resistance.
Introduction
Brightness films for liquid crystal displays direct additional light from the backlight toward the viewer, resulting in a brightness increase directly in front of the display. In some applications, two films are used in a crossed configuration for even greater optical gain. Typical brightness films have output surfaces composed of a linear array of parallel right-angle prisms. Some films vary the prism heights along their length.
Eastman Kodak Company has recently introduced a brightness film whose output surface is covered by a randomized pattern of individual microlenses. Each microlens is composed of one planar and one curved surface that meet in a ridge. The microlenses overlap and interlock to cover the film surface (see Figure 1 ).
The microlens structure provides several advantages for a brightness film. Microlenses introduce several design freedoms that are not available in typical prism-based films. In particular, the lens shape, size, layout, and randomization affect the film's optical gain, ability to hide defects, and resistance to Moiré. An optimal film design must balance tradeoffs between these factors as well as fabrication requirements. The effects of these parameters can be difficult to determine in advance. Computational models were used extensively to predict performance and justify tradeoffs without the time and expense required to prototype film designs.
Predicting Optical Gain
The ratio of the on-axis brightness of a backlight with a film to that without the film is called its optical gain. Optical gain is a primary performance criterion for the film. While it varies, depending on other display system characteristics, increasing gain for one display generally increases it for others. Many factors can affect the gain of microlens-based films, including lens shape, size, and arrangement; fabrication accuracy; and randomization methods and magnitudes.
As shown in Figure 2 , a brightness film refracts and recycles light to increase on-axis brightness. Light ray a emerges from the backlight and is refracted toward the viewer. Ray b is reflected by total internal reflection into the backlight, where it will be scattered and reflected to eventually re-enter the film. The curved microlens surfaces and randomized lens positions help diffuse output light.
Optical gain was predicted by modeling the random film pattern and then ray tracing a backlight model with the film. A custom UG/Open program was written to compute a solid model of the film in Unigraphics. From a model of the basic microlens shape and about 20 parameters defining the film layout, the program creates a solid model of a small sample of the film (see Figure 3) . A 1-mm square sample was found to be adequate for most analysis tasks. fabrication inaccuracies, including incomplete molding replication, placement errors, and incorrect microlens shape. The film models were transferred to the ASAP ray-tracing software using IGES. Models of typical backlights with the microlens films were constructed in ASAP. A Monte Carlo ray-tracing simulation was performed to calculate the expected angular output light distribution. The results correlated well with prototype films.
Three main factors were found to impact optical gain, shown in Figure 4 . The apex angle is the joining angle of the two surfaces of each lens in cross section and is optimized at 89-91°.
Nonfunctional area is any portion of the surface that does not contribute to redirecting the light. It mainly consists of the nonsharp ridges of microlenses (see ray c in Figure 2 ) and any flat areas that are not covered with lenses. The percentage of the surface that consists of nonfunctional area is linearly correlated with a loss in optical gain. As a result, the manufacturing process was driven to maximize coverage of the surface with lenses and the sharpness of the ridges.
If the lens shape and ridge sharpness are considered fixed, then patterns of lenses that cover the surface more efficiently, i.e., with fewer lenses, result in a lower proportion of ridge area to surface area. The ridge count of a lens layout is the average number of ridges encountered per millimeter in horizontal cross sections; it is a metric for how efficiently a lens layout covers the surface. Another UG/Open program was developed to measure the ridge count of a randomized layout from the solid model of the film. The program samples cross sections of the film and uses slope changes to identify peaks. Many randomized lens layouts were evaluated for their ability to cover the surface efficiently.
Finally, increasing the aspect ratio, the ratio of lens length to width, increases gain with diminishing returns. Longer lenses decrease some of the advantages of the microlens approach, such as the diffuse surface look that hides defects and handling marks. The final film design balanced these competing criteria.
Predicting Moiré Performance
An LCD with brightness films can exhibit Moiré patterns when viewed from an angle. The prism or microlens ridges scatter light, and any repeating pattern in the ridges can interact with structures in the LC array to cause Moiré. Figure 5 shows a bright-field microscopy image of the bright ridges in an early film prototype, backlit and viewed at a 45° angle. Figure 6 shows Moiré induced by overlaying the film with a variable-spacing grid to simulate Moiré at many frequencies. The microlens technology reduces Moiré interference significantly but does not eliminate it. However, the complex geometry makes the modeling and prediction of Moiré and, in turn, optimizing the film design, more difficult. 
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Moiré results from multiple repeating patterns at similar frequencies. Standard techniques can predict Moiré patterns for individual cases, but a brightness film must be designed to minimize Moiré for many liquid crystal array spacings. Two methods were used to detect repeating patterns in the film and measure their strength: autocorrelation and Fourier transforms.
Autocorrelation, in which an image is shifted and convolved with itself, is often used to find repeating information in a signal. The brightness of each point (x, y) in the autocorrelation indicates the correlation with a copy of the image shifted by vector (x, y). Figure 7 shows an early film imaged under a microscope and the corresponding autocorrelation. The bright spots in the autocorrelation indicate off-angle repeating patterns that are clearly visible in the film. Autocorrelation is particularly useful to analyze randomized film patterns where repetition is more difficult to find.
To choose designs that are less likely to induce Moiré, a solid model of each design, like that shown in Figure 3 , was used to simulate an "image" of the ridges of the model viewed from 45° (Figure 8 Although microlens films do not exhibit Moiré in the vertical direction (the long direction of the lenses), they can still interact with LC array structures in the horizontal direction. To further minimize this type of Moiré, each microlens is randomly displaced in the horizontal direction by -dx, 0, or +dx, where dx is the magnitude of the displacement. To determine a good magnitude dx, films with varying dx values were modeled and imaged as described above. The horizontal axis of each FFT (e.g., the top edge of Figure 8 (b)) was analyzed in more detail to determine the effect of varying randomization magnitudes on the film's horizontal frequency content. Figure 9 shows relevant portions of the horizontal FFT axes for four early film variations with increasing displacement magnitudes. The top graph shows strong frequency content at the fundamental design pitch of 58 μm (leftmost peak), followed by 
several harmonics of that frequency. Moiré can appear when multiples of the LC array frequencies are close to any strong frequencies (fundamental or harmonic) in the film. In addition, the contrast of the Moiré is affected by the strength of the frequencies. A "perfect" random film would exhibit no peaks in frequency content and would be immune to Moiré. Based on this reasoning, design proceeded with the following assumption: to reduce the propensity for Moiré patterns to appear for LC array pitches in general, the strength of fundamental and harmonic frequencies in the film should be reduced. Moiré resistance of several film prototypes correlated with this trend.
Referring again to Figure 9 , adding random displacements of ±3.75 μm does not decrease the strength of the fundamental frequency but does increase other frequency content while reducing the strength of higher harmonics considerably. Doubling the displacement magnitude to 7.5 μm removes all but the fundamental and the second harmonic frequency. Doubling the displacement again removes all but the fundamental frequency. However, it is notable that this progression shows no decrease in the strength of the fundamental frequency, highlighting a weakness in the displacement-from-nominal approach for reducing Moiré. This weakness has been noted in different form by other authors [1] .
Optical gain and Moiré resistance can be opposing criteria. For example, consider a fixed microlens size and shape. Allowing more randomization requires overlapping the microlenses more in some places, resulting in a less efficient covering of the film surface and lower gain. Similarly, a layout that covers the film surface more efficiently is usually more ordered, resulting in a greater susceptibility to Moiré. As a result of this tradeoff, the final film design did not use the highest level of randomization shown in Figure 9 .
The final film exhibits decreased Moiré compared to typical prism films. Film samples of the microlens film and a typical prism film with randomly varying prism heights were assembled without rotation on a backlight, on top of a typical bottom diffuser. Both films were viewed through 11 typical thin-film transistor (TFT) glass grid spacings from 0.101 to 0.3075 mm. No top diffuser was used, and the polarizers were removed from the TFT glass to make Moiré more visible. The films were viewed off-axis where Moiré is most visible, and the severity of the Moiré patterns was judged on a subjective scale from 0 (none) to 5 (severe). The microlens film was judged to exhibit medium (3) or worse Moiré patterns in four cases, compared to six cases for the prism film. In all cases Moiré could be removed completely by rotating the film.
Conclusion
An LCD brightness film based on a random pattern of microlenses introduces several new variables into the film design space, presenting significant opportunities for optimization and tradeoffs. The film design must balance many factors, including optical gain, Moiré resistance, visual appearance of the film, ability to hide defects, and manufacturing constraints.
We have described the computational techniques used to evaluate optical gain and Moiré resistance. Similar methods were used to evaluate other constraints as well. These techniques were instrumental in helping guide tradeoffs, verified and fine-tuned by prototypes, during the design of the film.
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